A survey by the United States Food and Drug Administration (USFDA), in 2008, has revealed that more than 80 nanomaterial-containing food and drink items were available for consumption around the world at that time, and estimated that the Japanese market for nanomaterial-containing food could reach 250 billion yen in 2030. Potential uses of nanotechnology have been identified in almost all segments of the industry, including the following four key areas: agriculture, nutritional supplements and nutraceuticals, food processing, and food packaging. Despite a rapid development of its use in the food sector, little is known about the in vivo and in vitro kinetics of nanomaterials. Consequently, the risks of nanomaterials have not been analyzed. Nanoparticles are reported to be absorbed across the intestinal barrier via transcellular, paracellular, and junctional pathways, but the bioavailability of each material may be different due to different effects of various factors. Questions about these compounds already raised safety concerns, although the history of their use in the food sector is yet short. In this review, we overview the currently available information regarding the safety of the three main nanomaterials used in the food industry to provide the scientific basis for the risk assessments that are necessary for the development and safe use of nanomaterials in the food sector.
Introduction
Recent innovations in science and technology, as well as their globalization, have brought sweeping changes to people's eating habits. The number and diversity of chemicals in our food, such as additives, agricultural chemical residues, contaminants, as well as new materials and ingredients to maintain or improve health or prevent lifestyle-related diseases, have increased rapidly. We ingest such chemicals throughout our lifetime often without being aware of them. Because consumer's interests in food safety concerns are increasing, the safety assessment of these chemicals in our food is essential. Nanomaterials may offer particular cause for concern due to their small size imparting their unique properties. Nanomaterials with diameters of ≤100 nm are currently used in various applications, including food production (for example, to improve food texture). As the size of particles decreases, their specific surface area increases, and the high specific surface area of nanomaterials results in a dramatic increase in surface coverage and water absorbability compared with those of materials with diameters of >100 nm.
In 2015, a consumer products inventory compiled by the Woodrow Wilson International Center for Scholars listed 117 nanomaterial-containing products in the food and beverage category, which includes foods, beverages, and cooking items 1) . It was estimated that the Japanese market for nanomaterial-containing food could reach 250 billion yen in 2030 2) . With the expansion of this market, the likelihood of human exposure to nanoparticles via the intestinal tract will increase. Even though the amounts of nanomaterials present in food are small, they will tend to be consumed over a long period of time, and therefore it is necessary that biological responses to oral ingestion of nanomaterials be assessed and that information about exposure levels be provided. Although there have been a few studies on the biological effects of nanomaterials on humans, and unexpected biological responses to nanomaterials have recently been reported 3, 4) , the safety of nanomaterials has not been thoroughly assessed. Little is known about their in vivo and in vitro kinetics at biologically relevant concentrations via different administration routes. In general, chemical risk analysis involves the integration of hazard information and information about absorption, distribution, metabolism, and excretion for the actual exposure route. Nanomaterials, including those contained in foods, are no exception. Owing to the size of nanomaterials that is the same order of magnitude as that of viruses, their toxicokinetics in vivo is unpredictable. In addition, the fact that they can penetrate the intestinal barrier and be absorbed into cells must be considered in evaluations of their in vivo kinetics.
The aim of this review is to describe the current uses of nanomaterials in the food sector and summarize an overview of the available data on the safety of nanomaterials.
Nanotechnologies in the Food Sector
From many reports and reviews on the current and short-term projected applications of nanotechnologies in the food industry, their potential uses are found for almost all segments of the industry 4, 5) .
Nanotechnologies have been successfully applied to agri-food production, as has been focused by several key reports 6, 7) . Application of nanotechnologies in this food sector has begun to grow now since it has been recognized that conventional agricultural techniques cannot further increase productivity or restore damaged ecosystems 6) . New tools were developed also for nanobiosensing applications 7) which can be used for sensing a wide variety of fertilizers and pesticides, as well as moisture. These are expected to be useful for the identification of crop diseases and agrochemical residues 7) , the augmentation of agricultural productivity through genetic improvements of plants 8) , and the improvement of the ability of plants to absorb nutrients 9) . Consumer's demand for healthy foods has encouraged researchers to apply nanotechnology to food and nutrition. For instance, nanomaterials have been used to coat food packaging, and nanosieves are used to filter out microorganism and even viruses. In addition, the development of analytical methods for assessment of nanotechnology has been remarkable 10, 11) . Moreover, application of nanotechnology in the food and nutrition sector has resulted in the development of food ingredients with increased functionality such as improved physical or chemical properties and physiological performance 12) .
Such ingredients are widely used to improve the taste and nutritional value of food products and to prolong shelflife. Many food products containing engineered nanomaterials are now widely available; for example, titanium dioxide and silica nanoparticles are used as food additives 5) . The strong antimicrobial properties of chitosan 13) , silver nanoparticles 14) , and photocatalytic titanium dioxide 15) have also been exploited in the food sector. In addition, nano-encapsulation technologies are being used for the development of artificial colorants, preservatives, and aroma compounds. These technologies hopefully will make it possible to disperse or solubilize materials that are otherwise poorly soluble in water, to improve the efficacy of additives, and to improve the absorption rate of encapsulated supplements and nutrients.
Food-packaging materials represent the largest category of applications of nanotechnology in the food sector 16) . Containers and wrapping materials that come into direct contact with food contain nanomaterials to improve packaging properties, such as gas impermeability 17) and against temperature and moisture 18) . Nanomaterials can also impart antibacterial activity or carry out deoxygenation reactions. Containers and wrapping materials containing nanosensors, referred to as intelligent food packaging, have been used to detect the condition of food inside packaging 19) . In Europe, carbon black and silica dioxide nanomaterials have been already used as food contact materials.
Behavior of Ingested Nanomaterials
We are intentionally and unintentionally exposed to various substances through dermal, intraoral, and pulmonary routes; and oral absorption is the major route by which we take in chemicals, as well as nutrients and water. Given that nanoparticles are now included in various food products, it is assumed that the digestive organs, including the intestinal tract, are exposed to nanoparticles daily. Nanoparticles ingested orally travel from the mouth to the stomach and intestines. The epithelial cells lining the small intestine absorb most nutrients, as well as nanomaterials, by endocytosis or by diffusion and transport them across the epithelium. As nanoparticles move through the small intestine, they come into contact with intestinal epithelial cells.
Absorption of nanoparticles has been studied using Caco-2 cell monolayers as gut models. These studies have shown that nanoparticles are transported from the luminal side to the basal luminal side of intestinal epithelial cells, probably by endocytosis or transcytosis [20] [21] [22] . Several pathways are available for the absorption of particles across intestinal barriers (Figure 1 ). The transcellular route is the most relevant to the uptake of nanomaterials 23) because the tight junctions of epithelial cells eliminate macromolecules 24) . The size limit of the paracellular route, which depends on the animal species and the tissue examined, has been variously reported as being from 0.6 to 5 nm 25) . Some nanomaterials, such as chitosan nanoparticles, were reported to be able to loosen epithelial tight junctions, suggesting that these nanoparticles may promote the paracellular transport of macromolecules 26, 27) .
Microparticles (>100 nm) in the gut are absorbed mainly through M-cells 28) . M-cells are present in the epithelium of mucosa-associated lymphoid tissues and can transport macromolecules and particles in the gut lumen into cells of the immune system 29, 30) . It is generally believed that nanoparticles in the intestine are taken up by enterocytes and goblet cells as well as by M-cells in the Peyer's patches and the isolated follicles of the intestinal-associated lymphoid tissue 31, 32) . In fact, Brun et al reported that translocation of titanium dioxide nanoparticles through the regular ileum epithelium at Peyer's patches can induce epithelium impairment 33) . Therefore, it is reasonable to assume that nanoparticles can be absorbed through epithelial cells.
Cellular uptake of nanoparticles depends on their physical properties, such as particle size, surface charge, and dispersion or aggregation state 34, 35) . To clarify a major role of surface properties in the extent of intestinal absorption of silica nanoparticles, we used an everted gut sac model where intestinal sacs from rats were incubated in solutions containing silica particles. Using inductively coupled plasma optical emission spectrometry, we found that silica nanoparticles modified with a carboxyl group or an amino group was more readily absorbed from the mucosal side to the serosal side of the sacs than were unmodified nanoparticles 36) . Schleh et al studied how the physical properties of gold nanoparticles affected the amount of the nanoparticles that passed through the intestinal membranes in adult female rats treated with gold nanoparticles of five different sizes (1.4-200 nm) and opposite surface charges. They revealed that absorption across the intestinal barrier decreased with increasing particle size and that negatively charged particles (2.8 nm) were more readily absorbed than positively charged particles (2.8 nm) 37) . Various factors have been suggested to affect intracellular transitivity of nanomaterials. The formation of a protein corona or lipid corona on the surface of nanomaterials may change their interaction with various receptors expressed on the surface of cells 38, 39) . Specifically, the formation of a protein corona alters the physicochemical characteristics of nanoparticles, such as size and interfacial composition, which can in turn impart new biological characteristics to the nanomaterials and change their effects on cells exposed to them.
Types of Nanomaterials Used in Food and Evaluation of Their Safety
The major nanomaterials used in consumer products are silver, silica, and titanium dioxide. Among different product categories, silver nanomaterials are the most widely used, and particularly common in products in the food and beverage category and the home and garden category 40, 41) .
Applications and Safety of Silver Nanoparticles Used in the Food Industry
Owing to the antimicrobial activity of silver, silver nanoparticles are widely used in consumer products 14, 42) . The mechanism of the antibacterial activity of silver nanoparticles has not been elucidated, but they may interact with the membranes of bacteria. The antibacterial activity of silver nanoparticles is likely due in part to Ag + ions readily formed on the surface of the nanoparticles through the reaction with oxygen, and the antibacterial activity of silver nanoparticles increases with decreasing particle size, which has been attributed to the increase in the surface area to mass ratio as particle size decreases 43) .
Growing amounts of evidence suggest that orally ingested silver nanoparticles can cross the gastrointestinal barrier, be absorbed into the blood 44) , and cause adverse health effects. Kim et al demonstrated that 56-nm silver nanoparticles can be found in rat blood, the liver, and other organs after 90 days of oral exposure at a dose of 30, 125, or 500 mg/kg bw/day. These investigators reported a no-observed-adverse-effect level (NOAEL) of 30 mg/kg bw/day and a lowestobserved-adverse-effect level (LOAEL) of 125 mg/kg bw/day 45) . It is reported that when rats were orally administered for 28 consecutive days with suspensions of uncoated silver nanoparticles with diameters of <20 nm or with suspensions of polyvinylpyrrolidone-coated nanoparticles with diameters of <15 nm, the nanoparticles were distributed in all the organs, but mainly in the liver 44, 46) . Based on comparisons of the organ concentrations of silver between the nanoparticlestreated and silver nitrate-treated rats, they suggested that mainly Ag + ion, rather than silver nanoparticles, passed the intestines of rats 45) . In another study in rats, localization of silver in the liver was detected in several cell types, such as Kupffer cells and sinusoidal endothelium cells 45, 47) . However, Van der Zande et al reported that in rats exposed to silver nanoparticles for 28 days, plasma levels of alanine aminotransferase and aspartate transaminase were relatively low compared with control values and that there were no significant differences between the silver-treated groups and the respective control groups. These investigators suggested that the silver nanoparticles induced no acute hepatotoxicity 44) .
Applications and Safety of Silica Nanoparticles Used in the Food Industry
Amorphous silica nanoparticles are widely used in food products, for example, as thickeners, anticaking agents, and carriers for fragrances and flavors [48] [49] [50] . Nanosilica (E551) is registered as a food additive in the European Union; Dekkers et al analyzed food products including E551 and found that they contained silica nanoparticles at concentrations ranging from <0.1 to 6.9 mg/g product and with particle sizes ranging from 30 to 200 nm 51) . According to the Scientific Committee on Food of the European Food Safety Authority (EFSA), the estimated intake of silicon derived from silica used as an additive is 20-50 mg silicon per day in a 60 kg person 52) .
Fu et al assessed the absorption, distribution, metabolism, excretion, and toxicity of 110 nm silica nanoparticles via various exposure routes in mice 53) . These investigators found that the nanoparticles through intramuscular or hypodermic injection passed through biological barriers such as the intestine. The particles were further transported to the liver, although the extent of absorption was low. Fu et al showed that orally administered silica nanoparticles were taken up into the intestinal tract. They also demonstrated that nanoparticles administered intravenously were present mainly in the liver and spleen and that they were excreted mainly in urine and feces 53) .
Fruijtier-Polloth et al evaluated the toxic effects and safety of silica nanoparticles and concluded that they are as safe as conventional silica particles 48) . The toxicity of amorphous silica nanoparticles has been assessed both at the cellular level and in animal models. For example, on the basis of the results of a study using human gastric epithelial GES-1 cells and colorectal adenocarcinoma Caco-2 cells, Yang et al suggested that silica nanoparticles (200-450 nm) may arrest the cell cycle and inhibit cell growth but they do not induce apoptosis or necrosis 54) . We previously demonstrated that silicon was not detected in the liver or blood of mice after a 28-day daily oral exposure at a total dose of about 3.5 g silica particles/kg body weight, and that none of the particles tested showed toxic biological effects 36) .
So et al studied the toxic effects of silica nano-and microparticles on mice at a total dose of 140 g silica particles/ kg body weight 55) . These investigators found that the plasma level of alanine transaminase in mice treated with silica nanoparticles (30 nm) was higher than the level in mice treated with silica microparticles (30 μm). The amount of silicon in the livers of the mice treated with silica nanoparticles was lower than that in the livers of the mice treated with the silica microparticles. The authors concluded that the reactivity of silica nanoparticles in mouse liver was higher than that of silica microparticles 55) .
In a sub-chronic toxicity study, Van der Zande et al found that oral exposure to silica nanoparticles at 2500 mg/kg body weight per day had biological effects on rat liver 56) . However, the authors pointed out that dose-response relationships should be assessed at doses that are more relevant to actual exposure levels. Although the safety and potential toxicity of silica nanoparticles need to be yet clarified toward a conclusive evaluation at present, an acceptable daily intake (ADI) of it should be specified and the guideline for preventing its excess intake over the estimated ADI needs to be considered.
Titanium Dioxide Nanoparticles in Food Products
Titanium dioxide nanoparticles are one of the top five types of nanomaterials used in consumer products such as cosmetics, as well as in food products, paints, and medicines 57) . Titanium dioxide nanoparticles occur in three main forms, i.e., anatase, rutile, and brookite 58) , each of which has unique properties and uses. For example, the rutile form is used in pigments and sunscreens, and the anatase form is used in printing inks and photocatalysts 59) . Titanium dioxide has been approved by USFDA 60) and is widely used as a white pigment and food colorant 61) . The daily intake of titanium dioxide from food is estimated to be 5.4 mg/person /day (about 90 µg/kg bw/day) in the United Kingdom 62) . In Europe, food-grade titanium dioxide is designated as E171, and approximately 36% of the particles in E171 have diameters of <100 nm 63) . Candies, sweets, and chewing gums have the highest content of titanium (0.01-1 mg titanium per serving) 33) . By separating titanium particles from food products, Chen et al showed that more than the expected number of foods contained titanium dioxide nanoparticles with diameters of <200 nm 62) . The same authors also showed that the titanium dioxide in gum, more than 93% of which are nanoparticles, easily comes out of the gum during chewing and is ingested 62) .
Many researchers have assessed the in vivo and in vitro toxicity of titanium dioxide nanoparticles 64) . For example, Warheit et al found that oral administration of titanium dioxide nanoparticles (140 nm diameter) in water to rats at 175, 550, 1750 or 5000 mg/kg bw/day resulted in no mortality or no clear body weight losses 65) . Wang et al showed that when mice were treated with titanium dioxide nanoparticles with diameters of 25 or 80 nm at a dose of 5000 mg/kg body weight, various biochemical parameters such as levels of alanine transaminase, aspartate transaminase, blood urea nitrogen, and lactase dehydrogenase were changed along with lesions on the liver and kidneys of female mice 66) . In addition, Bu et al investigated the toxic effects of titanium dioxide nanoparticles administered orally to Wistar rats for 14 days by using conventional approaches and metabolomic analysis. These investigators found that at a dose of 1000 mg/kg body weight per day, the nanoparticles interfered with energy and amino acid metabolism and disrupted the gut microflora 67) . It is important to note that the doses of titanium dioxide used in these studies were approximately 2200-5500 times of the estimated human intake through food consumption. Cho et al found that even after titanium dioxide nanoparticles were orally administered to rats for 13 weeks (7 days/week), absorption of the nanoparticles was extremely low, and even at the highest dose (1041.5 mg/kg body weight per day), the amounts of nanoparticles in the sampled organs were not significantly higher than the amounts in the control group 68) .
Conclusion
Although the history of nanomaterial use in the food sector is not long, recent rapid progress in the development of nanomaterials has prompted their safety concern worldwide. At a meeting of experts of the Food and Agriculture Organization of the United Nations and the World Health Organization, the tremendous benefits of nanomaterials in the food sector were acknowledged, but it was suggested that a taxonomy should be developed to help with risk management and that clear and international definitions should be devised for the application of nanomaterials 69) . In the United States, the Food and Drug Administration Nanotechnology Task Force was established in 2006 to devise regulatory policies to manage the use of nanomaterials in the food sector 70) . Although all of these organizations agree in principle that nanomaterials will bring significant benefits to the food sector, they also agree that the current safety information about nanomaterials, as well as technologies and data for risk analysis and assessment, is insufficient and that this issue must be addressed.
Risk assessment guidelines for the use of nanomaterials in the food sector were announced by EFSA in 2011 71) and by USFDA in 2012 72) . These agencies stressed the importance not only of hazard analyses but also of analysis of the associations between intestinal absorption and characteristics such as particle size and surface properties. Since then, little progress has been made in terms of safety assessments of nanomaterials in the food sector worldwide. Available information about safety after oral intake of nanomaterials is minimal, and absorption, distribution, metabolism, and excretion information that is essential for risk analysis is yet poorly understood. Moreover, although we are beginning to understand how characteristics of nanomaterials such as particle size, shape, surface properties, and dispersion and aggregation state might influence the biological effects, studies on the safety of nanomaterials have not reached the stage at which the results can be used to control quality, develop guidelines for nanomaterials, and regulate security of nanomaterials. Therefore, quantitative analyses of these characteristics of nanomaterials are required, along with assessments of the relationships between these characteristics and the effectiveness, tissue distribution, and safety. Such researches are expected to provide the scientific basis for the risk assessments that are necessary for the development and safe use of nanomaterials in the food sector.
